Endemic/epidemic dengue viruses (DEN) that are transmitted among humans by the mosquito vectors Aedes aegypti and Aedes albopictus are hypothesized to have evolved from sylvatic DEN strains that are transmitted among nonhuman primates in West Africa and Malaysia by other Aedes mosquitoes. We tested this hypothesis with phylogenetic studies using envelope protein gene sequences of both endemic/epidemic and sylvatic strains. The basal position of sylvatic lineages of DEN-1, -2, and -4 suggested that the endemic/epidemic lineages of these three DEN serotypes evolved independently from sylvatic progenitors. Time estimates for evolution of the endemic/epidemic forms ranged from 100 to 1,500 years ago, and the evolution of endemic/epidemic forms represents relatively recent events in the history of DEN evolution. Analysis of envelope protein amino acid changes predicted to have accompanied endemic/epidemic emergence suggested a role for domain III in adaptation to new mosquito and/or human hosts.
Dengue viruses (DEN) (Flaviviridae: Flavivirus) are serious human pathogens that occur nearly throughout the tropics, with ca. 100 million cases annually (16) . DEN comprise four serotypes (DEN-1 to DEN-4); although epidemiologically similar, they are genetically and antigenically distinct. Infection with one serotype leads to lifelong protection against homologous reinfection but only brief protection against heterologous challenge (21, 38) .
DEN cause dengue fever, a self-limited febrile illness lasting 2 to 10 days that has been known in the medical literature for over 200 years. Infrequent epidemics of dengue fever occurred in tropical areas until the 1950s. After War World II, this pattern of disease was disrupted by the emergence of dengue hemorrhagic fever and dengue shock syndrome, more severe diseases characterized by thrombocytopenia, hemorrhage, and excessive plasma leakage (16, 28) . Two principal hypotheses have been proposed to explain the hemorrhagic form of disease: (i) the immune enhancement theory maintains that hemorrhage occurs in secondary infections when DEN-specific antibodies and memory T cells resulting from primary infection with another serotype enhance the binding of virus-immunoglobulin G complexes to FcY receptors on monocytic cells, and (ii) certain phenotypes of DEN are more virulent than others. Recent phylogenetic studies suggest that an Asian genotype of DEN-2 recently introduced into the New World may be associated with increased risk for hemorrhagic fever and shock in the presence of heterologous antibody (32) . DEN strains of reduced virulence have also been described; endemic transmission on the South Pacific islands of Tonga, involving vectors other than Aedes aegypti, may result in less severe disease because of the lesser selection for high viremia imposed by more susceptible vectors, like Aedes polynesiensis (13) .
Two distinct DEN transmission cycles occur: (i) endemic and epidemic DEN involving human hosts and transmission by
A. aegypti, with Aedes albopictus and other Aedes mosquitoes serving as secondary vectors, and (ii) a zoonotic or sylvatic cycle in sylvatic habitats of Africa and Malaysia, involving nonhuman primate reservoir hosts and several different Aedes mosquitoes (12, 16) . Although A. aegypti plays a greater role in urban transmission, A. albopictus and some other secondary Aedes vectors are generally more susceptible to experimental infection (12) . Considerable variation in susceptibility and transmission efficiency among geographic populations of both A. aegypti and A. albopictus has also been demonstrated (14, 15) . A. aegypti has reinfested most of the neotropics since its partial eradication earlier this century, resulting in reemergence of neotropical dengue (13) .
The sylvatic transmission cycles of DEN have received little study. In West Africa, nonhuman primate cycles have been identified in several countries. DEN-2 has been isolated from Aedes (S.) africanus, Aedes (S.) leuteocephalus, Aedes (S.) opok, Aedes (D.) taylori, and Aedes (D.) furcifer (5, 33) . African DEN-2 sylvatic isolates are genetically distinct from all endemic/epidemic isolates and are believed to be evolutionarily distinct (12, 16, 31) . In Malaysia, all four serotypes of DEN are maintained in canopy-dwelling Aedes niveus mosquitoes and nonhuman primates (34) (35) (36) (37) . DEN-1, -2, and -4 were isolated from sentinel monkeys, and monkey seroconversion was demonstrated against DEN-1, -2, and -3. DEN-4 was also isolated from canopy collections of A. niveus mosquitoes (35) .
Gubler (13) has hypothesized that endemic/epidemic DEN evolved from sylvatic forms of the viruses that utilize nonhuman primate hosts and gallery forest Aedes vectors (i.e., not A. aegypti or A. albopictus). To test this hypothesis, we have sequenced the complete envelope (E) protein gene of DEN-1, -2, and -4 strains isolated in primary tropical forest habitats in Malaysia by Albert Rudnick and colleagues during the 1960s and 1970s (36, 37) , as well as DEN-2 strains from sylvatic locations in West Africa analyzed previously using other, smaller genome regions (31) . Phylogenetic analyses indicated that the endemic/epidemic lineages of DEN-1, -2, and -4 evolved independently from sylvatic viruses circulating in the Asian-Oceania region. Estimates of divergence times suggested that emergences of endemic/epidemic DEN occurred on the order of 100 to 1,500 years ago.
MATERIALS AND METHODS
Viruses. The DEN isolates we sequenced were obtained from reference center collections at the Centers for Disease Control and Prevention, Fort Collins, Colo., and the University of Texas Medical Branch, Galveston (Table 1) . Sylvatic DEN from Malaysia included sentinel monkey isolates of DEN-1 (strain P72-1244), DEN-2 (P8-1407), and DEN-4 (P73-1120 and P75-514). Sylvatic DEN-4 strain P75-215 was isolated from A. niveus mosquitoes collected in the Malaysian forest canopy. Endemic/epidemic strains from Malaysia included mosquito isolates of DEN-2 (P7-863 and P8-377) and DEN-4 (P7-1006); DEN-4 strain 703-4 was isolated from Thailand. The DEN-2 African sylvatic strains sequenced were DAKAr A578, PM33974, and DAK HD 10674. The sources and years of isolation for these and other DEN strains whose sequences were used in our analysis are also listed in Table 1 .
Virus growth, RNA extraction, and sequencing. DEN stocks were prepared in C6/36 A. albopictus cell culture monolayers at 28°C with a multiplicity of infection of 0.1 to 1.0 PFU per cell. Culture media consisted of Eagle's minimal essential medium supplemented with 2% fetal bovine serum. Seven days after infection, supernatants were clarified by centrifugation at 1,000 ϫ g for 5 min. RNA was extracted with Trizol LS (Bethesda Research Laboratories, Bethesda, Md.) according to the manufacturer's protocol. PCR primers were designed to amplify the E protein gene based on the genomic sequences of DEN previously published (Tables 1 and 2 ). RNA was denatured at 65°C for 5 min, and cDNA was synthesized in a 20-l reaction volume with Superscript II reverse transcriptase (Bethesda Research Laboratories) at 42°C for 1 h using the antisense primers listed in Table 2 . The PCR products were purified from 1% agarose gels and sequenced directly using an Applied Biosystems (Foster City, Calif.) Prism automated DNA sequencing kit and model 377 sequencer according to the manufacturer's protocol.
Phylogenetic analyses. The deduced E protein amino acid sequences and representative sequences from the GenBank library (Table 1) were aligned using the PILEUP program of the Genetics Computer Group with default gap penalties. Although sylvatic DEN-3 strains are not available, GenBank sequences of endemic DEN-3 strains were included in our analysis to provide information on the relative divergence levels in comparison to other DEN serotypes. Nucleotide sequences were aligned manually based on codon homology. Phylogenetic analyses of the aligned nucleotide and amino acid sequences were performed using the PAUP maximum-parsimony program (version 3.0; D. L. Swofford, Illinois Natural History Survey, Champaign) and neighbor-joining program implemented in the PHYLIP package (version 3.5p; J. Felsenstein, Department of Genetics, University of Washington, Seattle). Homologous sequences from Japanese encephalitis, Kunjin, and West Nile viruses (a sister group to DEN [20] ) were used as the outgroup to root the DEN tree. Bootstrapping (8) with 200 to 1,000 replicates was used to place confidence values on groupings within the trees.
Estimation of DEN divergence times. Divergence times for ancestral DEN lineages were estimated using synonymous or total nucleotide divergence rates estimated from maximum-parsimony trees using two methods: (i) a regression analysis where each sequence within a geographically restricted clade was compared to the predicted sequence of its hypothetical ancestor based on maximumparsimony analysis, and the synonymous percent difference was plotted versus the year of isolation, and (ii) identification of sister sequences that were closely related and isolated at least 5 years apart in the same geographical region. The differences in synonymous changes depicted in branch lengths separating each sister sequence from the predicted common ancestor were divided by the number of years between isolations to yield rates expressed as synonymous changes per year, and several estimates were compared to provide an estimated mean and standard deviation.
Nucleotide sequence accession numbers. Nucleotide sequences were submitted to GenBank under accession no. AF231715 to AF231726 (Table 1) .
RESULTS
The E gene sequences we determined for DEN-1, -2, and -4 strains were 1,482 to 1,485, 1,485, and 1,485 nucleotides long, respectively. These lengths were identical to those of most other strains sequenced previously (6, 7, 11, 27, 42, 43) . Phylogenetic trees produced with the maximum-parsimony and neighbor-joining methods produced very similar topologies, differing only within a few terminal groupings in the DEN-3 and DEN-4 groups. Maximum parsimony produced 36 trees of equal total length, also differing only in a few DEN-3 and DEN-4 terminal groupings. All trees indicated that the DEN are monophyletic, with 100% bootstrap support. DEN-1 and DEN-3 were sister groups, with 100% bootstrap support in amino acid trees, and DEN-4 was the basal group in all trees ( Fig. 1 ). These overall relationships are generally consistent with previous findings (1, 24) but are inconsistent with the placement of DEN-2 at the base of the DEN clade by Kuno et al. (20) . Our higher bootstrap values, presumably the result of longer sequences and more informative characters, suggest that DEN-4 is correctly placed in the basal position (Fig. 1) .
All sylvatic DEN isolates from Malaysia and Africa were genetically distinct from the endemic/epidemic isolates; as in previous studies using other genome regions (31) , the African sylvatic DEN-2 isolates were quite distinct from all endemic/ epidemic isolates, differing by about 19% in nucleotide sequence and 5% in amino acid sequence (Fig. 1) . The Malaysian sylvatic isolates of DEN-1, -2, and -4 were also distinct from both endemic/epidemic isolates and African sylvatic strains; the Malaysian DEN-2 isolates differ from endemic/ epidemic strains by about 17% in nucleotide sequence and 4% in amino acid sequence, while the DEN-1 and -4 Malaysian sylvatic strains differed from their endemic/epidemic counterparts by about 7 and 14%, respectively, at the nucleotide level and 3 and 5%, respectively, at the amino acid level.
All phylogenetic trees placed the sylvatic isolates from Malaysia and Africa at the basal positions of their respective DEN serotype groups, with bootstrap values of 84 to 100% supporting these basal sylvatic positions. Trees constructed using deduced amino acid sequences yielded identical internal topology, although the resolution of terminal groups was reduced as expected due to the loss of informative synonymous differences. The geographic origin of the sylvatic DEN isolates is not a valid explanation for their phylogenetically distinct placement, because endemic/epidemic strains isolated from humans or mosquitoes in Malaysia grouped with the other endemic/ epidemic isolates.
To determine when the sylvatic and endemic/epidemic forms diverged, we estimated the synonymous nucleotide sequence divergence rate using two methods. A regression analysis was conducted using sequences of all isolates within a geographically restricted clade of DEN-2 strains (isolated primarily from Asia and Malaysia from 1944 to 1995 [ Fig. 1, clade A] ). Each sequence within this clade was compared to the sequence of its predicted ancestor (the parsimony tree node with its predicted sequence), and the percent synonymous nucleotide sequence changes in the branches was plotted versus the year of isolation. This method yielded a slope of 0.05% divergence per year, or 5 ϫ 10 Ϫ4 substitutions per synonymous site per year (R 2 Ϫ 0.72). The second method utilized sister sequences that were closely related and isolated at least 5 years apart in the same geographical region. The synonymous differences in branch lengths separating each sister isolate from the common ancestor (parsimony tree node) were divided by the number of years between isolations, and the mean and standard deviation were determined from these values. A divergence rate of 5 ϫ 10 Ϫ4 (standard deviation, Ϯ3 ϫ 10 Ϫ4 ) substitutions per synonymous site per year was obtained. The nonsynonymous rate estimate was 6 ϫ 10 Ϫ5 . This rate is similar to the nonsynonymous estimate of 7.5 ϫ 10 Ϫ5 obtained previously for mosquitoborne flaviviruses (44) .
Using the synonymous nucleotide substitution rates and the formula of Li et al. (26) for correcting synonymous substitution distances for sequential substitutions of the same nucleotide, we estimated that the sylvatic DEN-2 genotypes diverged from the endemic/epidemic forms on the order of 1,000 Ϯ 500 years ago (estimate Ϯ standard deviation). The African and Malaysian sylvatic lineages of DEN-2 diverged on the order of 800 Ϯ 400 years ago. Sylvatic and endemic/epidemic DEN-1 and -4 probably diverged on the order of 200 Ϯ 100 and 600 Ϯ 300 years ago, respectively. Estimates using nonsynonymous substitution rates applied directly to the branch lengths of parsimony trees, as well as K a (nonsynonymous distance) values (26) , yielded a similar time estimates (800 Ϯ 400 years ago) for divergence of the sylvatic and endemic DEN-2 genotypes. The ancestor of all DEN probably occurred much earlier than the estimated times of divergence of the endemic/epidemic and sylvatic forms of each serotype. All of these estimates rely on the assumption of a constant rate of DEN sequence evolution, which may not be completely valid. The three-dimensional structure of the soluble portion of the E protein of central European tick-borne encephalitis virus was determined by Rey et al. (30) . Due to the conservation of cysteine residues and amino acid similarity among flavivirus E proteins, it is possible to model the E protein structure of DEN. To evaluate amino acid substitutions that may have accompanied the adaptation of ancestral, sylvatic DEN to human transmission involving peridomestic vectors, such as A. aegypti and A. albopictus, we analyzed amino acid changes on the branches of parsimony trees corresponding to endemic/ epidemic emergence ( Fig. 1 and Table 3 ). One (residue 352) of three DEN-1 amino acids, two (residues 352 and 388) of five DEN-2 amino acids, and five (residues 340, 342, 355, 364, and 382) of eight DEN-4 amino acids showing changes in the tree branches predicted to have accompanied endemic/epidemic emergence lie within domain III, which may be involved in cellular receptor binding. The three amino acids representing DEN-1 emergence are not predicted to be in spatial proximity, while two of the five amino acids for DEN-2 (residues 352 and 388) are predicted to be spatially close to one other within domain III. Of the eight amino acids for DEN-4, six (residues 148, 340, 342, 355, 364, and 382) are predicted to be close to one other within domain III (Fig. 2) . Residue 148 is near a putative glycosylation site that is exposed on the surface of the virus.
To determine whether the E protein changes predicted to have accompanied DEN emergence reflect only a general trend in the evolution of DEN toward domain III changes, we determined the amino acid changes predicted to have accompanied evolution of sylvatic strains during the same time period (Fig. 1) ; these changes are listed in Table 3 . In contrast to the changes accompanying endemic/epidemic emergence, these showed no apparent clustering within a particular domain; i.e., they were distributed throughout the E protein amino acid sequence.
DISCUSSION
The relationships among sylvatic and endemic/epidemic DEN isolates that we have determined using nucleotide and amino acid-derived phylogenies are consistent with the ancestors of DEN-1, -2, and -4 being either sylvatic or endemic/ epidemic strains. Although sylvatic DEN-3 were not isolated in Malaysia by Rudnick, the presence of DEN-3 antibodies in nonhuman canopy-dwelling primates indicated that a sylvatic DEN-3 cycle also existed there (35) . The lack of large concentrated human populations prior to a few thousand years ago suggests that the sylvatic form of these viruses was ancestral; a "Endemic" indicates human or A. aegypti isolates or those associated with peridomestic transmission; "sylvatic" indicates sentinel monkey or canopy-dwellingmosquito isolates.
b The sequence was determined in this study. c NR, not reported.
FIG. 1. Phylogenetic tree derived from E protein gene nucleotide sequences of sylvatic and representative endemic/epidemic DEN strains using maximum parsimony (PAUP, version 3.0) and drawn using branch lengths derived by neighbor joining using the Kimura two-parameter formula (PHYLIP, version 3.5p). The scale shows a genetic distance of 0.1, or 10% nucleotide sequence divergence. Homologous sequences from Japanese encephalitis, Kunjin, and West Nile viruses (a sister group to DEN [20] ) were used as the outgroup to root the DEN tree. Numbers indicate bootstrap (8) values for monophyletic groups to the right. Branches labeled "E" indicate periods of evolution predicted to represent emergence of endemic/epidemic DEN and used to generate Table 3 ; branches labeled "S" represent continued sylvatic evolution during the same time period. Node A defines the clade used for the regression analysis of the DEN evolutionary rate. the endemic/epidemic forms probably evolved after urban human populations, sufficient to serve as reservoirs, arose (13) . This suggests that all four epidemic/endemic DEN serotypes evolved independently from sylvatic progenitors. Estimates for the minimum human population size required to support endemic DEN transmission range from 10,000 to 1 million (19) . Human populations in Asia are believed to have approached these sizes on the order of 4,000 years ago, when urban civilizations first arose (3). The DEN-2 divergence estimate of 1,000 Ϯ 500 years ago is consistent with these estimates of human population sizes as well as the first historical record of dengue-like illness in China, dating over 1,000 years ago (13) .
Although we did not attempt to estimate the divergence times of the different DEN serotypes, they probably diverged in the very distant past. Some rodent-borne RNA viruses with similar levels of sequence divergence have been estimated to have diverged over the course of millions of years during coevolution with their reservoir hosts (2, 29) . The emergences of human DEN transmission are probably relatively recent events in the history of DEN, and most of the evolution of DEN probably occurred when they were sylvatic viruses utilizing only nonhuman primate reservoirs.
The sister group relationship of the African and Malaysian DEN-2 indicates that the sylvatic ancestor of endemic/epidemic DEN-2 could have occurred in either Africa or the Asian-Oceanic region. The greater diversity of sylvatic (ancestral) DEN in Malaysia (presence of all four serotypes) compared to Africa suggests that a sylvatic ancestor of all DEN arose in the Asian-Oceanic region and diverged into the four serotypes recognized today. The four independent evolutionary events leading to the emergence of endemic DEN-1 to -4 from sylvatic progenitors presumably involved switching from sylvatic, canopy-dwelling Aedes mosquito vectors to A. albopictus and later A. aegypti. This indicates that adaptation to new vectors and vertebrate hosts by DEN arboviruses occurred repeatedly. Because A. aegypti presumably did not occur in Asia and Oceania at that time, A. albopictus and/or other Aedes mosquitoes were probably the original human vectors (13) . This hypothesis is also supported by the greater susceptibility of A. albopictus to infection by DEN, suggesting greater virus adaptation. Acquisition of A. aegypti as a vector may have occurred only during the past few centuries as commerce distributed this mosquito throughout the tropics from its origins in Africa (13) .
The exact location where the four DEN serotypes evolved cannot be determined due to very limited sampling of sylvatic strains, especially in Asia and Oceania. However, considering the limited cross protection against heterologous challenge exhibited by current human DEN, it seems likely that more complete cross protection probably existed long ago when ancestral, sylvatic DEN strains had reached lesser levels of divergence than are reflected in contemporary strain sequences. Strong cross-reactivity of protective immunity is believed to result in direct competition among virus lineages and competitive exclusion if different strains occupy the same ecological niche (9) . Therefore, it seems likely that the divergence of the four DEN serotypes occurred in different geographic regions or in transmission cycles relying on different hosts. The studies of Rudnick and colleagues in Malaysia (34) (35) (36) (37) indicate that the four sylvatic DEN serotypes probably overlap in their host utilization. This suggests that DEN may have evolved allopatrically and later colonized common geographic regions after divergence had reached the level where strain variation could be maintained due to limited cross protection. Additional field studies to identify the natural reservoir host of sylvatic viruses, as well as cross protection studies in nonhuman primates, are needed to evaluate this hypothesis.
Overall, the structural model of the E protein (30) would predict that domain III of the E protein (amino acids 302 to 404) is implicated in the emergence of urban DEN. This domain is believed to interact with cellular receptors for virus entry. The data for DEN-4 are most compelling, as six of the eight amino acid changes are close to each other within domain III (Fig. 2) ; residue 382 lies in a four-amino-acid sequence that is specific to mosquito-borne flaviviruses, is predicted to be exposed on the surface of the virus, and may be involved in receptor binding. Similarly, residue 148 is near a putative glycosylation site that is exposed on the surface of the virus. It is not known if this glycosylation site is utilized by the sylvatic DEN strains. These modeling predictions are suggestive of different interactions between the viral E protein and host cells, either those of epidemic vectors such as A. aegypti and A. albopictus or those of human hosts. It is unlikely that the preponderance of amino acid changes in domain III reflects a general trend in the evolution of DEN; examination of the branches predicted to represent continuing evolution of sylvatic DEN during the same time period showed no similar clustering of E protein changes in domain III (Table 3) . The potential adaptive value of some of the E protein changes associated with epidemic emergence should be assessed with reverse genetic approaches using cDNA clones to test the fitness of these mutations in epidemic versus sylvatic vectors. a Unique synapomorphies (shared and derived amino acids) represented in the branches designated E and S in Fig. 1 .
